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1

DEVICE FOR MEASURING A ROTATIONAL
ANGLE BY MODIFYING AND MEASURING

THE POLARIZATION OF RADIO WAVES
AND USE OF SAID DEVICE

FIELD OF THE INVENTION

The present invention relates to devices for changing and
measuring the polarisation of radio waves as well as their
application for measuring angles of rotation and shiits.

BACKGROUND

The present invention relates to a device for changing and
measuring the polarisation of radio waves and to a sensor
which measures mechanical angles of rotation or shifts via
the polarisation of radio waves. It shall be possible to take
measurements quickly and without great latency (in real
time), 1n order to allow the device to be used 1n control loops
for fast-moving objects such as in servos.

Using a suitable sensor a mechanical angle of rotation can
be measured by measuring polarised light (DE 10 2005 031
966 B4). An angle sensor of this kind has a number of
positive properties, which distinguishes 1t from other angle
sensors. The most obvious property 1s the translation invari-
ance between sensor and signal transmitter. This on the one
hand, leads to distinct simplifications during adjustment and
calibration and on the other, to insensitivity in relation to
mechanical vibrations.

In certain situations angle measuring with polarised light,
despite 1ts robustness, still suflers from some disadvantages.
One disadvantage 1s the use of optical materials as trans-
ducers. Some of them are brittle (glass) or scratch-sensitive
(plastic foils). On the sensor side 1t 1s difficult to integrate
transmitters and receivers of light, since both are typically
manufactured from different materials, although some prog-
ress has already been made (e.g. OLED on chip). Besides the
lifespan of LEDs 1s limited, especially for high temperatures
or a corrosive environment. Finally the use of light requires
transparent and more or less clean surfaces, which on the
one hand restricts, what materials can be used, and on the
other, 1n extremely rough conditions, makes operation of the
sensor diflicult.

It would therefore be nice 1f the advantages of polarisation
measuring could be upheld, whilst eliminating the problems
connected with optics, and 1f the temperature range, which
1s limited due to the LEDs and optical polarising filters,
could be widened.

Polarisation 1s an important property of all electromag-
netic waves, from radio frequencies to optical frequencies
and beyond. In the field of optics polarisation 1s used in the
most varied situations, such as for the suppression of reflec-
tions or the visualisation of mechanical stresses. Surface
characteristics too can be examined with the aid of a
polarisation sensor (EP 1 507 137 B1). Polarisation of light
1s also used for modulating optical signals 1n communica-
tions technology (CA 2 193 754C).

In the area of radio waves (referring to radio frequencies
in the widest sense) polarisation i1s used sometimes 1n order
to increase the data rate of a communication channel
because orthogonally polarised waves do not interfere with
cach other (GB 618 615 A). Conversely the mostly polarised
energy emitted by antennas can lead to undesirable eflects,
for which, for example, bad reception 1s an indication 1n the
case of a badly aligned radio antenna.

DE 10 2011 078 418 Al describes an ellipsometric
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2

also based on the evaluation of a change 1n polarisation. This
relates to the determination of roughness, layer thicknesses
and other parameters.

When changing over from the wavelengths of light to
distinctly slower radio waves, the materials for these waves
change considerably. There 1s also a marked change 1n the
components for transmitter and receivers and in the prop-
erties of transmitters and receivers. As such an antenna for
radio waves has nothing in common with an LED or a
photodiode. As regards the materials, the considerably lon-
ger wavelengths of radio waves lead to the effect that dirt 1s
much less influential which for a large part, 1s due to the
relationship between wavelength and object size, but also to
the properties of the dirt. Whilst metal and sand have
comparable properties for optical frequencies, the ellect
upon longer radio waves 1s completely difierent.

In radar technology too, polarisation 1s used 1n some
cases, for example 1n order to measure the position of an
object such as a hidden pipeline (U.S. Pat. No. 4,728,897).
Here use 1s made of the fact that a weak echo of a hidden
clongated object can be distinguished from highly undesir-
able echoes 11 one repeats a radar measurement with difler-
ent polarised transmit signals and forms correlations. How-
ever, radar technology as a rule relates to measuring
distances and speeds, e.g. measuring the runtime or the
Doppler Effect. Polarisation in this context 1s rather disrup-
tive since 1t can aggravate the detectability of certain objects
because the radar echo of an object can change with its
alignment with respect to the radar unait.

Radar 1s typically applied to the detection of an unknown
object/an object not belonging to the radar unit. This may be
a hidden pipe, another ship or an acroplane, a car or a human
being.

The radar frequencies used depend on the respective
application because e.g. achievable ranges and resolutions
change depending on the frequency and because the object
which 1s expected to be detected (car or human being) has
to be reliably detected. Here, very high frequencies could,
for a long time, only be generated by means of special tubes,
later via expensive special semiconductors, but latterly also
in silicon. Apart from the extraordinary advances 1in micro-
clectronics which make 1t possible to use conventional
switching technology as far as into the lower THz range,
there are very skilful approaches to operate semiconductors
in the way tubes used to be operated, such as by stimulating
plasma vibrations (Ojefors, Pfeiffer, “A 0.65 THz Focal-
Plane Array 1 a Quarter-Micron CMOS Process Technol-
ogy’, IEEE JSSC Vol. 44, No. 7, July 2009). Such
approaches permit the generation and detection of radio
waves 1 the THz range with comparably small and low-cost
systems and, in the ideal case, can be monolithically inte-
grated.

The determination of angles, for classic radar units, means
an angle 1n space to an object, which 1s determined either via
a rotating antenna array or via triangulation (DE 10 2008
019 621 Al). An angle of rotation 1n relation to a previously
determined object can, 1n certain cases, be determined by
approximation via the comparison of echoes of varying size
with different polarisation. This presumes that the object to
be measured 1s anisotropic even for the radar frequency/
wavelength. That means that the object to be measured has
to have anmisotropic structures, which bear a certain relation
to the wavelength used. A pronounced anisotropy results 1t
the structures are smaller than the wavelength, but not so
small as to prevent an interaction. The situation i1s aggra-
vated 1n that, as a rule, the object to be measured has a
random 3D alignment in relation to the radar umt thereby
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making an accurate measurement of angles of rotation
impossible. In the case of looking for a pipe, angle mea-
surement can under certain circumstances be carried out
relatively accurately 11 the radar unit 1s held 1n parallel to the
pipe. In this case the radar unit 1s moved during measuring
and possibly rotated until an accurate localisation and ori-
entation 1s found, whilst the object 1s stationary.

It 1s not a matter of course that the radar unit can measure
the spatial orientation of an object. For very extensive
objects and high-resolution radar units an image of the
object, and therefrom its orientation, can be ascertained. For
a stationary unit this 1s normally not successful. In this case
polarisation may be helpful 1n certain circumstances:

For a 10 GHz radar which operates at wavelengths of 30
cm, a grid consisting of 1 cm thick rods and a few 10 cm
long rods 1s a good polariser which allows the conclusion
that the gnid 1s rotated transversely to the radar beam. The
wing of an aircrait on the other hand, would not generate
such pronounced polarisation information because a large
part of the reflection comes from its massive surface. Con-
versely an extremely fine optical polarising filter does not
allect this radar radiation because the tiny, partly molecular
structures show hardly any interaction with this frequency.
The fact that a wing or a pipe generates strong and partially
polarised echoes as a function of the polarisation of the
incident rays, 1s due to eflfects, which are similar to those of
the reflection of light on glass (see Brewster angle for
complete polarisation of reflected waves) as well as to
lens-type eflects through surface-induced currents, wherein
the surface structures, in conjunction with the direction of
the current flow (polarisation direction), have an influence
on the “lens characteristic” of the object. Such structures
therefore, due to the macroscopic shape and structure of
their surface, comprise polarisation-dependent characteris-
tics, which vary however, depending on the 1rradiated loca-
tion and the angle of incidence of the radio waves. Therefore
accurate angle measurements on such structures with the aid
of polarisation are possible only with the help of reference
measurements and an accurately adjusted position between
radar and object.

Apart from the structure size of polarisation-changing
structures account has to be taken, with radar measurements,
of the minimum distance to the object to be detected. If the
distance 1s too small, the transmit signal and the receive
signal can hardly be distinguished from one another. Further
there are near-range eflects which can be called proximity
cllects and which are due, less to wave propagation than to
the existence of quasi-static fields. For example, a reflector
which 1s too close to the antenna, may have an effect which
1s more akin to a capacitive electrode. Echo signals in the
widest sense are determined both through capacitive and
inductive couplings with the reflector and through runtime
and waves, but also through resonance effects and the tuning
quality of the badly defined resonator (both radar and
reflector reflect a part of the signal, the distance between
both of them determines the possible resonance frequencies.
Stationary waves can falsily to a large extent the desired
signal, 1n particular because stimulation close to the reso-
nance Irequency leads to big phase shifts). A transducer
should therefore preferably not lie 1 the near-field of the
antennas.

The measuring of angles of rotation of, say, an antenna
mast with quasi-static signals 1s described e.g. in GB 1 493
988 A, where two phase-shifted transmit signals are gener-
ated, and by mixing them with the receive signal, a mixed
signal 1s generated which comprises two frequency-shifted
components depending on the rotational frequency, and the
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clectrical phase position of which, 1n relation to the transmat
signals, 1s dependent on the angle of rotation of the mast.

This embodiment 1s not suitable for determining the angle of
rotation of the stationary or slowly rotating unit, because
here the two frequency components merge with one another.

The DE 198 130 41 A1 describes a device for measuring,
rotating objects, which 1s based on the Doppler Effect and
which measures a spectrum of the echo and compares 1t with
a reference spectrum, 1n order to detect the wear of a tool and
other error conditions. This achievedhod 1s however, sensi-
tive to vibrations and not suitable for ascertaining the angle
of rotation of a stationary object.

The DE 101 42 449 A1/DE 101 32 685 Al describes a
method for determining an angle of rotation or a distance,
which 1s based on measuring the signal phase (of a delay).
Again, with this achievedhod evaluation of the signals 1s
aggravated due to vibrations because a change 1n position of
the transducer leads to a change of the signal phase, which
1s not easy to distinguish from a rotation of the object.

DISCLOSURE OF THE INVENTION

It 1s an object of the mvention to ensure an angle mea-
surement which 1s msensitive to adjustments and vibrations.

Further, 1t shall be possible to perform measurements
quickly and without great latency (in real time), so that 1t can
also be used 1n control loops with fast moving objects, where
predominantly optical and magnetic processes are used.

According to a first teaching of the present invention the
previously derived and outlined object 1s achieved by a
device for changing and measuring the polarisation of radio
waves, with at least one transmitter (100) of radio waves
(102), 1.e. a transmitter with antenna (101) configured (ar-
ranged) for transmitting radio waves, with at least two
receivers (106) for radio waves, 1.e. receivers with antennas
(104, 105) configured (arranged) for receiving radio waves,
with an anisotropic transducer (103) for radio waves coming
from the transmitter, wherein the anisotropic transducer 1s
rotatable about a rotary axis relative to the recervers and
movable relative to the receivers, wherein the receivers are
polarisation-sensitive, wherein the radio waves coming from
the transmitter can be changed by the anisotropic transducer
and the changed radio waves can be received by the polari-
sation-sensitive receivers.

According to a further teaching of the present mnvention
the previously derived and outlined object 1s achieved by a
method for changing and measuring the polarisation of radio
waves, 1n particular using the device according to the
invention with at least one transmitter of radio waves, 1.e. a
transmitter with antenna configured (arranged) for transmit-
ting radio waves, with at least two receivers for radio waves,
1.€. recervers with antennas configured (arranged) for receiv-
ing radio waves, with an anisotropic transducer for radio
waves coming from the transmitter, wherein the anisotropic
transducer 1s rotatable about a rotary axis relative to the
recervers and movable relative to the receivers, wherein the
receivers are polarisation-sensitive, wherein the radio waves
coming from the transmitter are changed by the anisotropic
transducer and the changed radio waves are received by the
polarisation-sensitive receivers.

As described above the polarisation dependency gener-
ated by macroscopic structures 1s no good for a position-
independent and adjustment-iree measuring of the polarisa-
tion angle of the received radio waves. A spatially extended
polarisation filter on the other hand, 1s characterised 1n that,
irrespective of the location, 1t comprises the same polarisa-
tion properties, and 1s anisotropic. Being anisotropic means
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that for the radio waves used 1t appears to be macroscopi-
cally unstructured, but comprises direction-independent
properties. In the optical range stretched i1odised polymer
films (polaroid films) are examples for anisotropic matenals
with polarising properties. In the range of radio waves a
possible counter-piece to the polaroid films 1s a wire grid the
orid constant of which 1s smaller than the wavelength used.
Grid constants above this wavelength lead to diflraction
ellects, 1.e. wavelength-dependent and angle-dependent
cllects are present, as are interferences (see double-gap
experiment). In the near-field in a magnitude of half a
wavelength undesirable location-dependent effects start to
appear (see Rayleigh criterion and Abbe 1maging limait).

In other words the polarisation property of an extended
wire grid polarisation filter (as an exemplary realisation of
the anisotropic transducer) becomes independent of the
angle of mncidence and the 1rradiated location, when its grid
constant 1s smaller than the wavelength used, 1.e. 1t 1s
anisotropic, and measuring the polarisation becomes 1nde-
pendent of the location of measuring on the transducer, as
long the radio waves coming from the transmitter and
received by the receiver fall through the otherwise homog-
enous filter or are retlected by the same, which can be
ensured by sufliciently large dimensions of the wire grid.

Polarisation filters with grid constants 1n a magnitude of
the wavelength or slightly above could still be used to a
limited extent as long as the spatial resolution can be masked
by a sutliciently large-area radiation. However, further unde-
sirable eflfects then start to show, whilst the polarisation
properties are poor, so that “true” polarisation filters with
structure sizes below the wavelength are to be preferred.

Embodiments of the device and the method are the subject
of the sub-claims and will now be described.

In principle one receiver 1s suilicient and 1n order to draw
conclusions as to the polarisation direction of the received
radio wave, either due to a variable angle between the
linearly polarised transmitter and the linearly polarised
receiver or with the aid of an intermediate transducer. With
this embodiment, however, 1t 1s diflicult to distinguish
between usetul signal and interference signal because a great
deal of eflort 1s required in order to ascertain a change 1n
transmission output, a changing transmission frequency or a
receiver sensitivity. In particular in the case of short-time
interferences such as caused by vibrations, such measuring
1s unreliable. Therefore 1t 1s better to use two receivers for
different polarisation directions, which eliminate a large part
of error sources through relative measurement of the recerve
signals. Based on the 180° periodicity of the polarisation, N
differently orientated receivers, in the 1deal case, are set to
180°/N different angles. In other words, 1n order to avoid
that time-related tluctuations in the signals lead to measuring,
errors, the signals of the receivers are measured simultane-
ously or at least nearly simultaneously so that when calcu-
lating the arcus tangent the absolute amplitude does not
contribute to the result. Since the momentary angle of the
transducer can be directly determined from each measure-
ment of the momentary amplitudes, very high measuring
rates or revs are possible.

As shown 1n FIG. 1a and FIG. 15, 1n principle, there are
two Embodiments for receiving the radio waves changed by
the anisotropic transducer. In FIG. 1 that part of the radio
waves (102) transmitted by the transmitter consisting of
generator (100) and antenna (101) 1s evaluated by the
receivers (106) consisting of antennas (104, 105) and ampli-
fiers and other signal processing, which can penetrate the
anisotropic transducer (103). In this transmissive case the
anmisotropic transducer (103) can for example of parallel
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metal bars. But 1t 1s also possible to manufacture 1t from
dielectrics, preferably those with high dielectric constant for
the radio waves used (e.g. aluminium oxide ceramics). As
such 1t 1s possible to use dielectric bars as well as a solid
material with suitable profile, e.g. parallel stamped grooves.

The term “transmitter” generally encompasses the com-
ponents generator (100) and antenna (101). Correspondingly
a receiver consists of antenna (104 or 105 depending on
orientation), amplifier and evaluation circuit (106). Due to
the low transmission outputs required it 1s possible to design
a layout, where the antennas are a component of transmaitter
and receiver. As such the antenna on the transmitter side, as
a frequency-selective component, may be part of the gen-
crator. In this case the generator (100) and the antenna (101)
merge 1nto one component. Analogously for a super-regen-
erative receiver the components antenna (104 or 105) and
amplifier or evaluation circuit (106) may merge nto one
unit. In the extreme case the electronics for transmitter and
receiver may share components. As such 1t 1s possible to
re-configure the unit consisting of generator (100) with
antenna (101) mto a kind of super-regenerative receiver
consisting of antenna (104) and amplifier (105) by way of
different biasing and/or variable switching components,
wherein the transmit antenna (101) and the receive antenna
(104) are preferably identical. For a relative measuring of
the reception strength of varying polarisation at least two
such transmitters/receivers with differently aligned polarised
antennas would be used, preferably four or eight.

In FIG. 15, the transducer (103) does not need to be
permeable because what 1s measured 1s a retlection deviating
from the polarisation. Here an altitude profile 1n a solid
metal block could be used for generating the anisotropy.

If the transducer 1s sufliciently large, a lateral translation
between transducer and transmitter-receiver can be tolerated
in three axes. In this way the device becomes 1nsensitive to
adjustment errors and vibration.

Despite the increased circuitry required the use of recerv-
ers for more than two different polarisation angles may be
meaningtul 1n order to improve the robustness of the signal
evaluation. Especially advantageous Embodiments are those
with N=4 or N=8 alignments, which are diflerently orien-
tated about 180°/N.

In both FIG. 1a and FIG. 15 only one transmitter/one
transmit antenna 1s shown. Depending upon the application
it may be meaningful to feed a number of spatially shifted
antenna from one transmitter, or even use a number of
transmitters with a number of antennas (101) 1n order to
achieve an increased error tolerance and to achieve a more
uniform illumination of the transducer (103) with radio
waves. Using the same argument a number of parallel
receive antennas (104 and 105) with common or separate
receivers may be meaningtul. Based on the translation
variance ol the receive signal, the measuring results of
receivers working 1n parallel may be combined 1n a very
simple way.

The spatial disposition of transmitting and receive anten-
nas may vary. It 1s, however, convenient to receive a receive
signal at all recetvers, which on average 1s equally strong
across all angles of rotation, and which can be achieved, for
example, by having a centrally arranged transmit antenna
with recerve antennas spaced radially apart therefrom.
Analogously all receive antennas could be packed closely
together with several transmit antennas forming a circle
around the receive antennas. Other Embodiments including
those with receive signals of systematically different
strengths are also feasible because systematic errors can be
compensated for during signal evaluation.
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The transducer (103) does not necessarily have to polarise
the radio waves completely. What 1s important that a part of
the radio waves which 1s suflicient for measuring 1s polar-
1sed. Unpolarised or unmodified radio waves during polari-
sation have to eliminated/taken 1nto account during evalu-
ation.

The distance between the transducer (103) and the trans-
mitting/receive antennas (104, 105) may vary as long as 1t 1s
ensured that the majority of the receive signal can be
associated with the echo of the transducer (103), which
means that for an increasing distance and only moderate
focussing of the radio waves emitted by the transmitter, the
transducer (103) will be designed larger. Preferably the
distance 1s chosen large enough so to ensure that there 1s no
interference by the rotary encoder in the near-field of the
antennas.

The configuration of the signal evaluation or 1t conversion
to commonly used output formats 1s not a subject of the
invention because the resulting relative amplitudes, 1n
essence, are no different from the signals of a magnetic
resolver, and after elimination of the carrier frequency are
also similar to the signals from optical and magnetic sensor
systems. In consequence standard components, e€.g. so-
called interpolators can be used for converting the measured
raw data ito angle sizes of different formats. As to the
physics of the receive signals, reference should be made to
the Malus law, which 1s also the basis of the optical
polarisation sensor according to DE 10 2005 031 966 B4.
The Malus law requires an electrical 360° period for a
mechanical 180° rotation.

The use of highest frequencies 1s convenient with respect
to possible miniaturisation, but not mandatory. Since for the
application of the radar system as a protractor the dynamic
range need not be extremely large (as different from distance
radar) 1t 1s possible, on the one hand, to work with very low
transmission outputs, on the other to use poor antennas (e.g.
clectrically drastically shortened antennas or antennas on
high-loss substrates), so that on the one hand the frequency
range which can be used for a compact construction (e.g.
comparable to a conventional optical encoder) can be wid-
ened 1n downward direction, and on the other, low-cost
materials such as FR4 can be used. This allows more
freedom 1n the selection of manufacturing technologies and
in component selection, and also a certain amount of iree-
dom 1n the selection of a convenient frequency for measure-
ments 1 certain media (such as 1n a pump). As such,
depending on the distance to be bridged, one might not want
to work 1n the medium at maximum absorption, but could
certainly make use of a significant absorption in order to
suppress 1nterfering multiple reflections.

If the transducer (103) 1s spatially periodically structured,
measuring 1s sensitive essentially only to the rotation of the
transducer, but not to lateral positional shifts. This 1s a big
advantage for use as a protractor. A laterally varying design
of the transducer (103), however, also allows measuring
lateral shifts relative to the transmitter-receivers, for which
radar systems are normally 1nsensitive because runtime and
amplitude of the echo do not necessarily change during this
measuring.

In this case the anisotropy of the transducer (500) changes
on a macroscopic scale, for example with one period per
centimeter. Whilst 1t 1s relatively dithicult to manipulate the
molecular orientation over a macroscopically large range as
wanted, this 1s comparatively easy to achieve by means of
mechanically processing the components for radio waves.
As such the polarisation angle could be macroscopically
varied along one dimension, which for a shift of the filter
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relative to the transmitter also leads to a change of the
measured polarisation angle. This 1s particularly convenient
if this polarisation filter structure 1s suitably attached to the
circumierence of a rotating object (503 ), since 1n this way 1t
1s possible to measure a signal which 1s independent of the
rotary angle but instead dependent on the position 1n axial
direction.

By using antenna switches, diflerent antennas could be
measured with a single receiver. The disadvantages 1n this
case 1s the time difference during measuring, which e.g. 1n
case of vibrations could lead to measuring errors.

In other words sequential measuring of signals of different
receivers over time cancels the advantage of relative mea-
suring, nsofar as the time gap of the measurements 1s not
very small 1n relation to signal changes through vibration or
in relation to the movement to be measured. Simultaneous
measuring of all receive signals 1s therefore advantageous.
Analogously, 1 certain circumstances, 1 particular large
distances to the transducer (103) a common antenna may be
used for transmitter and receiver, which might possibly
require an antenna switch. The decay time of the transmaitter
in this case 1s a limiting variable, as 1s the possible over-
riding of the receiver. All the same, such configurations are
possible and meaningful 1n terms of the invention.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves the radio waves coming from the transmitter are
linearly polarised.

FIG. 2a symbolically shows the combination of a gen-
crator (200) and a dipole (201) as antenna for linearly
polarised radiation (202). In this configuration 1t 1s advan-
tageous to use receivers for two polarisation directions,
which are rotated by +45° relative to the orientation of the
transmit antenna, or four receivers with £22.5° and +45°
rotation (211-214) relative to the transmit antenna (210). For
a sulliciently large surface a number of transmitters at
different places can emit differently polarised radio waves,
which are received by diflerent receivers, or radio waves of
different polarisation are emitted in chronological order at
the same place and received by the same receivers. The N
differently orientated transmit signals have a diflerent align-
ment of preferably 180°/N. This additional effort can con-
tribute to a distinctly better measuring result because the
echo, for an orthogonal alignment between transmit antenna
and transducer, can become very small and the quality of the
measured signals depends on the angle.

According to a further embodiment of the device accord-
ing to the mvention for changing and measuring the polari-
sation of radio waves, the radio waves coming from the
transmitter are unpolarised or circularly polarised, averaged
over time. Generating unpolarised radiation i1n the radio
frequency range 1s distinctly more diflicult to realise than for
light. The reason 1s that in the radio range the antenna 1s of
a similar magnitude as the wavelength of the emitted radio
wave, and that possibly only one antenna exists. In com-
parison thereto the extension of an LED 1s far greater than
the wavelength of light and the LED emits light spontane-
ously from different areas of the crystal volume with uncon-
trolled orientation. To produce unpolarised radio waves (1.¢.
linearly polarised randomised over time) requires quite a bit
ol eflort.

A simpler solution for radio waves consists 1n generating
circularly polarised radio waves (204, 206). The helix
antenna (203) shown 1n FIG. 25 1s a possible construction,
but one which 1s not particularly compact. FIG. 2¢ shows a
variant, which has a distinctly flatter shape and which, in
particular, can be integrated. Here a linearly polarised
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antenna (201) 1s equipped with a delay element (205). Other
forms of antenna construction are possible.

Since with circular polarisation averaged over time all
linear polarisation directions are covered by the transmitter,
the signal reflected by the transducer over time 1s equally
strong for all angles of rotation of the transducer resulting 1n
more robust measurements. A certain deviation towards
clliptical polarisation can be tolerated, but may require a
correction of the measured values. Also, particularly 1n the
case of circular polarisation of the transmitted radio waves,
the amisotropic transducer may consist of a delay plate. In
this case the receive antennas and transmit antennas may
also be configured for the detection of, 1n particular, circular
radio waves.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves the device 1s shielded partially or wholly by a
housing.

The shuelding (300, 301), on the one hand, serves to {ix the
components of the device, and on the other, to shield 1t
against external interferences as well as to suppress emission
to the outside.

Insofar as the transducer does not represent a construc-
tional unit with the remaining components, a closed housing,
in terms of shielding against radio waves may not be
possible nor desirable. Nevertheless, as regards the non-
rotating part, a hermetically sealed housing may be realis-
able, wherein this may e.g. consist of ceramics which 1s
permeable to the radio waves used. Such a housing offers
protection against dirt, corrosion and mechanical damage.

According to a further embodiment of the device accord-
ing to the mvention for changing and measuring the polari-
sation of radio waves the device contains absorbing mate-
rial. In order to avoid the emission of radio waves towards
the outside and to reduce measuring errors, the vicinity of
the sensor, areas between the antennas as well as parts of the
transducer and parts of the housing may be provided with
absorbing material (302).

According to a further embodiment of the device accord-
ing to the invention for changing and measuring the polari-
sation of radio waves the device contains absorbing struc-
tural elements.

The absorption of radio waves can be further increased
through utilising geometric shapes such as honeycomb
shapes or pore shapes, thereby eliminating, 1n places, the
need for using especially absorbing materials for the struc-
tural elements (302).

According to a further embodiment of the device accord-
ing to the mvention for changing and measuring the polari-
sation of radio waves the anisotropic transducer 1s perme-
able for the radio waves transmitted by the transmitter to
different degrees for different polarisations, and the polari-
sation-sensitive recervers receive the radio waves let through
by the amisotropic transducer. Here constructions are con-
ceivable which consist of parallel grid bars, elongated holes
milled from a solid material, anisotropic structures on a
printed circuit/circuit board and many more. Apart from
conductive materials such as metal, dielectrics with a high
dielectric constant suilicient for the used frequency are
worth considering.

According to a further embodiment of the device accord-
ing to the mvention for changing and measuring the polari-
sation of radio waves, the anisotropic transducer retlects the
radio waves coming from the transmitter for difl

erent polari-
sation to different degrees, and the polarisation-sensitive
receivers recerve the radio waves reflected by the anisotropic
transducer. Apart from the above-mentioned permeable
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structures, which also reflect a part of the radio waves,
non-permeable structures can be realised. Here suitable
structures are, for example, patterns e.g. milled from metal,
moulded or deep-drawn patterns, the reliet depth of which
should be adjusted to match the wavelength of the radio
waves. Apart from conductive materials such as metal,
dielectrics with a high dielectric constant suflicient for the
used frequency are worth considering. A receive signal of
varying strength could be generated by a polarisation-
dependent retlection angle or a polarisation-dependent scat-
ter angle.

According to an embodiment of the device according to
the mvention for changing and measuring the polarisation of
radio waves the anisotropic transducer consists of a single
maternial. The realisation of a transducer consisting of only
one material, in particular of a solid piece of material, 1s
advantageous for applications, in which the transducer 1is
exposed to extreme stresses such as intense heat and tem-
perature cycles, corrosion or strong vibrations.

According to a further embodiment of the device accord-
ing to the mvention for changing and measuring the polari-
sation of radio waves the anisotropic transducer consists of
different materals.

A transducer consisting of different materials may be
advantageous for improving certain properties. For example,
a transducer which 1s a printed circuit, 1s lighter and cheaper
than one made from a solid matenial. A combination of metal
and conductive rubber as absorber for example, may also be
usetul to reduce annoying multiple reflections. A multi-layer
embodiment of anisotropic structures forming a three-di-
mensional grid can also be used for improving the aniso-
tropic properties. The use of e.g. multi-layer printed circuits
1s possible.

According to an embodiment of the device according to
the mvention for changing and measuring the polarisation of
radio waves the device 1s assembled into a structural unit.

Here the housing (300, 301) shown in FIG. 3 can be
provided, as required, with a bearing (not shown) and a shaft
(304) so that the transducer (303) 1s always 1nside the closed
housing. Alternatively the housing can be opened for assem-
bly purposes and the night-hand part (301), for example, can
be attached to another apparatus. This 1s explained 1n more
detail in the examples.

According to an embodiment of the device according to
the mvention for changing and measuring the polarisation of
radio waves the anisotropic transducer 1s structurally sepa-
rated from the rest of the device.

If the device according to the invention 1s mounted on
another device which already has a housing, the left-hand
part of the housing (300) shown 1n FIG. 3 can be attached
to the housing (301) of the other apparatus.

Applications are also feasible, where there 1s no direct
mechanical connection between (300) and (301) or the part
(301) does not exust at all. This 1s explained 1n more detail
in the examples.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves means are provided which are configured to
give an indication, on the basis of the signals of the
polarisation-sensitive recervers, as to the polarisation of the
received radio waves.

The aim consists in providing a compact sensor, which
prepares the raw data obtained 1n a suitable manner, deter-
mines the angle of the received radio waves and makes them
available, ready prepared in an application-specific manner.
As such a conversion of the measured angle into a differ-
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ential band-limited signal 1s advantageous because 1t can be
transmitted and evaluated in particular free from interfer-
ences.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves means for calibration are provided.

Mechanical, constructional and electronic errors can fal-
sity the result as much as interfering external influences.
Correction and compensation of such interferences is carried
out, 1n the 1deal case, autonomously by the device, possibly
following factory pre-sets.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves, transmitters and receivers of radio waves are
integrated. In the frequency range from approx. 50 GHz
onwards wavelengths and therefore the variables of antenna
structures become so small that they either become part of
the package of an integrated circuit or are directly integrated
with a microchip.

Apart from cost savings and further reductions 1n size the
biggest advantage here consists 1n the very high precision of
the relative angles between the different antennas which has
a positive influence on measuring accuracy.

Further higher integration allows the use of even higher
frequencies because obstructing interfaces (cables, plugs)
are no longer a factor. In this context 1t should be stressed
that there 1s now the possibility of working 1in the THz range
thus making way for very small sizes of the device. The
integration of transmitters and receivers on the same chip
moreover, permits particularly good matching because
switching parameters and temperature go through changes 1n
equal measure for all components. Moreover as the fre-
quency decreases, so distances drop to a point, where one
leaves the near-field of antennas, which 1s so prone to
interfering eflects.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves, transmitters and receivers are arranged so as to
work together with means for activating an actuator and for
comparing the measured polarisation of the received radio
waves with a set value.

Similar to a servo application, “integrated” solutions are
desirable also for drives, where drive, activation and the
sensor system are combined. Given the possibility to mono-
lithically integrate the device with silicon technology the
way 1s then open to combine radar sensors and THz sensors
with other special switching elements.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves, the transmitter transmits radio waves continu-
ously over time.

If the receivers ascertain e.g. only the direction of polari-
sation of the recerve signal, 1t 1s suflicient, 1n principle, to
simply measure the amplitude at which transmitters and
receivers operate continuously over time and the rectified
signals of the receivers are evaluated. This solution works
particularly well 1f multiple reflections can be eflectively
suppressed. The complexity of the circuit and power con-
sumption are mimmal in this case. It 1s, of course, still
possible to switch transmitter and receivers ofl from time to
time 1n order to reduce power consumption.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves, the transmitter transmits radio waves at inter-
vals.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
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radio waves, radio waves received from the receivers are
evaluated 1n short time 1ntervals, which are correlated with
the intervals of the transmutter.

If 1t 1s difficult to suppress multiple retlections (for
example when strong mechanical vibrations occur), mea-
suring the polarisation can take place during an interval 1n
which only the desired useful signal 1s expected. Here the
intermissions serve to decay the multiple reflections. In the
same way the sensor can, of course, also produce intermis-
sions for reducing power consumption.

According to an embodiment of the device according to
the mvention for changing and measuring the polarisation of
radio waves, the radio waves emitted by the transmitter are
modulated. If the transmitter transmits continuously over
time, there 1s the possibility of stationary waves forming,
which can lead to angle-dependent measuring errors. These
are not stable 1n relation to vibrations or other mechanical
changes. Also such eflects are frequency-dependent. A
modulation of transmitted radio waves as regards the fre-
quency for example and an evaluation averaged over time
over at least one period of a modulation signal can help to
reduce such eflects. Frequency modulation or other modu-
lation may take many forms, for example the form of a
ramp-shaped frequency sweep such as used normally for
distance measuring with FMCW radar.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves, radio weaves received from the receivers are
evaluated continuously over time.

According to an embodiment of the device according to
the mvention for changing and measuring the polarisation of
radio waves only amplitudes are evaluated by the receivers
of radio waves.

For small objects regarding measuring accuracy a simple
diode detector suflices as receiver. Calibration can be carried
out e.g. following an AD conversion. Furthermore tempera-
ture variables and oflset variables can be measured in an
alternating fashion with or without a transmit signal. The
transmitter 1s switched on and off very slowly to give the
receiver time to adjust to the respective static measured
value, whilst this alternating 1s effected quickly enough to
ensure that the alignment of the anisotropic transducer
during this time remains practically unchanged.

According to an embodiment of the device according to
the mvention for changing and measuring the polarisation of
radio waves, amplitude information and time imnformation 1s
evaluated by the receivers of the radio waves. Apart from
measuring polarisation and suppressing interierence signals
by means of e.g. multiple reflections, the receivers can
evaluate time information also as regards e.g. the runtime of
radio waves, which for example relate to the distance or the
quantity of the material penetrated. Distance measuring can
take place, for example, by means of runtime measuring
(TOF-RADAR), by frequency modulation of the receive
signal (FMCW radar) or by measuring the Doppler shiit.
Depending on frequency and geometric dimensions the
different methods are realised with different degrees of
ceflort. For very short distances TOF measuring (Time of
Flight) 1s realised more by measuring the phase diflerence
between transmit and receive signal than by measuring the
absolute runtime of the receive signal. Doppler shift mea-
suring has the problem that for a stationary transducer the
resulting signal cannot be evaluated. This achievedhod 1s
therefore not suitable here. Measuring the frequency difler-
ence between transmit and receive signal for a frequency-
modulated transmit signal (FMCW or frequency jump
modulation) 1s more suitable because even multiple echoes
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can be recognised unequivocally by way of the frequency
difference 1n e.g. a FFT of the measured signal. The draw-
back 1s that the application and evaluation of this achieved-
hod requires considerable switching eflort.

If the expected mechanical tolerance or vibration 1s small
compared to the wavelength of the used radio waves, it may
be convenient to use a constructional height changed in
semi-circle or quarter-circle segments (4350) by effectively a
fraction of the wavelength, for recording the relative phase
of the received signal compared to the phase of the transmut
signal 1n order to ensure that using this additionally ascer-
tained position of the segments, the measured angle 1s
unequivocal even for a 360° interval. Measurements can be
taken either central to the axis, wherein different receivers
preferably measure radio waves changed by different quad-
rants, or shifted in relation to the rotary axis, wherein
transmitters (421) and receivers (422, 423) receive radio
waves changed predominantly by the same segment.

The robustness of the 360° unequivocal measurement can
be further improved by evaluating them only for an mactive
or almost 1nactive anisotropic transducer, and when 1n
operation the same information i1s derived from the conti-
nuity of the measurements (1.¢. more than two measurements
are taken per period). Also, a plausibility check of the
ongoing measuring ol additional information with updated
continuity data 1s meaningful because possible 1nitial erro-
neous measurements can thereby be corrected 1n operation.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves

the anisotropic transducer comprises a structural asym-

metry,

receivers ol radio waves are suitable for measuring struc-

tural asymmetry,

unequivocal measuring 1s eflected over the relative angle

of rotation of the anisotropic transducer at a 360°
interval from the combination of all measured signals
of the device.

If the anisotropic transducer (303) 1s e.g. inclined relative
to 1ts rotary axis (304) or has other features such as a varying,
thickness, the receivers of radio waves, apart from polari-
sation information, can gain distance information which
permits an unequivocal assignment of the angle of rotation
at a 360° mterval. Extending the unequivocal measuring
range from 180° to 360° 1s important to many applications.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves

the anisotropic transducer comprises a structural asym-

metry,

at least one further sensory component for measuring the

structural asymmetry 1s present,

unequivocal measuring 1s effected via the relative angle of

rotation of the anisotropic transducer at a 360° interval
from the combination of all measured signals of the
device.

In order to keep the complexity of the receivers small it
may, 1n certain circumstances, be usetul to gain the required
additional information for the 360° interval from a separate
measurement. In principle any type of sensor can be used for
this. Equally the structural asymmetry can be produced in
many ways. Preferably very robust measuring processes are
used 1n order not to 1mpair the otherwise strong robustness
of the device according to the invention. Apart from polari-
sation measuring ol radio waves capacitive and inductive
methods are conceivable which can be used in diflerent
ways.
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FIG. 4a shows an exemplary realisation of the transducer
for measuring 1n a top view. In the centre the anisotropic part
(400) can be seen. This may be separated from the other
structural elements by a shielding or absorption area (401).
On the outside, 1n order to realise the structural asymmetry
on e.g. different radun, there are traces with binary code
clements (402/403 and 404/405), which have e.g. diflerent
heights for use with an inductive or capacitive sensor (430)
or which can have a polarisation effect which varies (with
regard to measuring using further devices according to the
invention).

In order to obtain especially robust results from measur-
ing this information, 1t makes sense to take differential
measurements 1n places which lie opposite each other. Using
two traces 1nstead of one ensures especially robust results at
the transitions. These traces should be of a suthicient width
in order to maintain msensitivity to adjustments and vibra-
tions. It 1s unimportant, at which point this additional
information 1s measured, the embodiment shown 1n FIG. 4a
1s merely an example.

In suitable places mechanisms may be provided for
mechanically fixing the transducer to a shaft or similar
(410). Or the transducer may be hollow, as shown by way of
example 1n FIG. 4¢ and FIG. 5.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves, the anisotropic transducer 1s formed 1n such a
way that the multiple reflections of the radio waves coming
from the transmitter are attenuated when received by the
recelver.

The use of radio waves 1n a very small space means that
multiple reflections have a much stronger influence on the
result of the measurements. This represents a problem in
particular with respect to insensitivity to vibration. Since the
bunching of the radiation becomes weaker with each reflec-
tion, effective arching of the anisotropic structure (400) of
the transducer may be used for strengthening the deflection
of the multi-retlected radio waves (427) towards the outside,
where they can be destroyed by absorbing elements. An
exemplary realisation 1s shown 1n FIG. 45, a side view of the
anisotropic transducer shown 1n FIG. 4a.

The previously derived and outlined object 1s achieved,
according to a second teaching of the present invention, by
a device for changing and measuring the polarisation of
radio waves, with a configurable transmitter-recerver (600)
for polarised radio waves (603), an antenna (601) for pola-
rised radio waves, a transmit amplifier (600), a receive
amplifier (600) and an anisotropic transducer (602) for the
transmitted radio waves, wherein the anisotropic transducer
can be rotated about a rotary axis relative to the transmaitter-
recerver or can be shifted relative to the transmitter-receiver,
wherein transmit and receive amplifiers share switching
components, wherein the radio waves transmitted by the
transmitter-receiver can be changed by the anisotropic trans-
ducer (602) and the changed radio waves can be received by
the same antenna (601).

The previously derived and outlined object 1s achieved
according to a further teaching of the present invention by a
method for changing and measuring the polarisation of radio
waves, 1n particular using a device according to the mven-
tion with a configurable transmitter-receiver (600) for pola-
rised radio waves, an antenna (601) for polarised radio
waves, a transmit amplifier (600), a receive amplifier (600)
and an anisotropic transducer (602) for the transmitted radio
waves, wherein the anisotropic transducer can be rotated
about a rotary axis relative to the transmitter-receiver or can
be shifted relative to the transmitter-receiver, wherein trans-
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mit and receive amplifiers share switching components,
wherein the radio waves transmitted by the transmitter-
receiver can be changed by the anisotropic transducer (602)
and the changed radio waves can be received by the same
antenna (601).

Embodiments of the device and the method are the subject
of the sub-claims and will now be described.

According to an embodiment of the device according to
the invention for changing and measuring the polarisation of
radio waves, the device comprises at least two configurable
transmitter-receivers for polarised radio waves with respec-
tively at least one antenna (601) for differently polarised
radio waves with, 1n other respects, identical characteristics
as 1n the preceding paragraph.

The previously derived and outlined object 1s achieved
according to the third teaching of the present invention by a
device, characterised in that parts of 1ts surface form an
anmisotropic transducer such that incident radio waves
thereon are changed in their polarisation such that their
angle of rotation, their revolutions or their shift 1s measur-
able by means of a device according to the invention.

In this case the transducer in addition assumes other
functions 1n the apparatus to be measured. In some cases, for
example during manufacture of a turbine shaft or camshatft,
the anisotropic structure required at the end of or on the
circumierence of the shaft can be produced during its
manufacture so that apart from cost savings, there 1s no
longer any need for a later assembly and adjustment. The
main function of the component in this case 1s a mechanical
function. As a result of suitable shaping or structuring the
mechanical component of the apparatus to be measured
gains a further function as transducer.

Embodiments of the device are the subject of the sub-
claims and will now be described below.

An advantageous usage of the device according to the
invention for changing and measuring the polarisation of
radio waves 1s the measuring ol a mechanical angle of
rotation or a rotary speed.

For an especially compact embodiment the anisotropic
transducer (303 ) 1s mounted to the end of a shaft. The device
according to the invention 1s thus able to measure the
absolute angle of the shaft, 1ts existing rotary speed 1if
applicable and its direction of rotation.

An advantageous usage of the device according to the
invention for changing and measuring the polarisation of
radio waves 1s measuring the shift. If the anisotropic trans-
ducer has a laterally varying polarisation, the device can be
used to measure a shift of the transducer relative to the other
components ol the device. Here the shift for a consistent
distance 1s of particular interest. A normal RADAR 1s
insensitive to such shifts because of two things: the target
(the anisotropic transducer) does not have a suitable struc-
ture, and the radar 1s not designed for an accurate analysis
of the polarisation.

A Turther advantageous usage of the device according to
one of the preceding claims 1s measuring an angle of
rotation, a rotary speed or a shift with several laterally
distributed devices in different places on a commonly used
transducer.

In this way, due to the translation mvariance 1n polarisa-
tion-measuring, a particularly low failure probability can be
ensured because a correct angle can be measured e.g. with
the aid of media filtering, even if the anisotropic transducer
(400) 1s partly destroyed or parts of it are covered, or if
individual sensor units (430) or (470) fail. The sensor unit
(430 or 470) 1s then made up of the remaining components
of the device according to the invention with the exception

10

15

20

25

30

35

40

45

50

55

60

65

16

of the anmisotropic rotary encoder, 1.e. transmitter, receiver,
antennas and, if required, housing.

A further advantageous usage of the device according to
one of the preceding claims 1s measuring an angle of
rotation, a rotary speed or a shift at the circumierence of a
structure, wherein the circumference of the structure com-
prises the characteristics of the anisotropic transducer
according to at least one of the claims of the invention.

The above mentioned features can be combined at random
with each other. Furthermore all mentioned embodiments
are to be understood as examples. Deviating realisations are
possible 1 terms of meaning and scope of the present
invention.

Detailed descriptions of the applications are found 1n the
examples described.

SHORT DESCRIPTION OF THE DRAWINGS

The invention will now be described 1n detail by way of
exemplary embodiments with reference to the attached
drawings, in which

FIG. 1a shows an embodiment according to the invention
of transmitters and recervers for radio waves and anisotropic
transducer 1n a transmissive embodiment

FIG. 15 shows an embodiment according to the invention
of transmitters and receivers for radio waves and anisotropic
transducer 1n a reflective embodiment

FIG. 1¢ shows an exemplary orientation according to the
invention of linearly polarised transmit and receive antennas

FIG. 2a shows a transmitter with antenna for linearly
polarising radio waves

FIG. 2b shows a transmitter with antenna for circularly
polarising radio waves (helix)

FIG. 2¢ shows a transmitter with antenna for circularly
polarising radio waves (linearly polarising antenna with
downstream delay element)

FIG. 2d shows an exemplary orientation of linearly pola-
rised antennas for on-average-unpolarised, transmitted radio
waves

FIG. 3 shows an exemplary device according to the
invention with housing and dampening materials

FIG. 4a shows an exemplary embodiment of the aniso-
tropic transducer with structural asymmetry {for the
unequivocal measuring of angles at a 360° interval, top
view. Structural asymmetry type 1 due to semi-circle seg-
ments (402-405), type 2 due to transducer segments of
varying thickness, indicated by (450)

FIG. 4b shows an exemplary embodiment of the aniso-
tropic transducer for reducing multiple retlections of suitable
shaping. Side view with structural asymmetry type 1 (402-
405) and additional sensors (430), filter (401), (450) 1is
arched for reducing multiple reflections

FIG. 4¢ shows an exemplary embodiment of the usage of
the device according to the invention at several locations on
a shared transducer, topview

FIG. Sa shows an exemplary embodiment of the aniso-
tropic transducer for measuring axial shiits or for measuring
angles of rotation or shifts on the circumierence of a shaft
(layout)

FIG. 5b shows an exemplary embodiment of the usage of
the device according to the mvention for measuring an angle
ol rotation at the circumierence of a structure

FIG. 5¢ shows a double/double-sided structuring of the
anisotropic transducer 1n orthogonal directions for measur-
ing biaxial shifts or for measuring axial shifts and angles of
rotation 1 combination at the circumierence of a shaft
(layout)
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FIG. 6a shows an exemplary embodiment of a polarisa-
tion-sensitive transmitter-receiver with two alternative
evaluation processes: a) super-regenerative pulse operation
(without (630, 631)) and b) amplitude-regulated operation
(with (630, 631))

FIG. 66 shows an exemplary time progression of the
control and measuring signals of the embodiment shown 1n
FIG. 6a for parallel orientation (left) and for orthogonal
orientation (right) between antenna and transducer.

DESCRIPTION OF SPECIFIC EXEMPLAR
EMBODIMENTS/APPLICATIONS OF THE
INVENTION

It 1s an object of the invention to propose an angle
measuring method which 1s 1nsensitive to adjustment and
vibration. The mvention permits working with robust mate-
rials such as stainless steel and ceramics, 1S 1nsensitive to
temperature and dirt and achieves accurate measurements on
both stationary and rotating objects. The measuring process
1s performed quickly without great latency and can therefore
be used 1n control loops for fast moving objects. A further
object of the mvention consists 1n measuring shiits.

Example 1

Measuring the Angle of Rotation on a Camshatt

For many years combustion engines of cars for example
have been started by a starter motor although knowledge of
the actual angle of rotation of the crankshaft would permit
direct 1gnition of the currently correctly positioned cylinder.
This 1s due to the fact that at the current time there are no
suiliciently accurate and robust angle sensors on the market
which would stand up long-term to the operational condi-
tions on the camshatt.

It 1s not until recently that incremental magnetic gear-
tooth sensors have made i1t into the series production of
motor vehicles. Their drawback however consists in that
they only operate incrementally, 1.e. do not know the abso-
lute angle position once they are in operation. Therefore
tollowing their first start, the starter motor i1s required 1n
order to find an index mark during the first revolution. As
long as the sensor remains in operation, the combustion
engine can be stopped at traflic lights and quickly started
again without the help of the starter motor.

Admittedly this 1s a distinct advancement because it helps
reducing the consumption of petrol. The solution seems
inelegant however, because the heavy and expensive starter
motor 1s still required due to the inadequacy of the angle
sensor on the camshatt.

The sensor according to the invention may for example be
equipped with a transducer similar to FIG. 4a and FIG. 45,
which may consist of a solid metal block and 1s thus
insensitive against temperature and dirt. The other sensor
components may be housed in a hermetically sealed housing
(e.g. ceramics) and are mechanically decoupled from the
engine block by the housing (similar to FIG. 3), in particular
the thermal stresses are less. Due to angle measuring being,
carried out by means of polarisation of radio waves, vibra-
tions, thermal expansion, dirt etc. are tolerable. The sensor
1s able to transier the ascertained signal with high accuracy
and resolution 1n an electrically robust manner to the engine
clectronics, where the 1gnition signals are generated.
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Example 2

Measurement of the Conditions of Components on
Heavy Construction Machinery

Similar to the problem 1n example 1 difficulties also exist
with respect to the control of hydraulically or pneumatically
operated elements of heavy machinery. In the absence of
robust rotary encoders, mtensive work 1s currently being
carried out on a. o. robust odometers for measuring the
deflection of a hydraulic piston. Here too measuring accu-
racy 1s impaired, on the one hand, by multipath scattering of
radar waves along an oil-filled cylinder and on the other
hand, by strong damping in the o1l. Measuring the joint angle
by means of polarisation 1s again a more robust solution,
wherein an outer housing consisting e.g. of stainless steel
and an 1nner housing wall consisting of ceramics can protect
the sensor against any environmental intluences.

Apart from the said hydraulically operated articulated
joints turret constructions of cranes and diggers are another
field of application. Here the top of the base may e.g. be
equipped with a relatively large-area transducer, whilst at
different places of the rotatable superstructure devices
according to the invention measure the angle of rotation of
the superstructure (or vice versa). This embodiment corre-
sponds to FIG. 4¢ and at the same time 1s an example, where
there 1s no constructional umt between transmitter and
receirver on the one hand, and the transducer on the other,
and therefore no closed housing.

Example 3

Monitoring of Pumps and Flow Rate Measuring

For a suitable frequency, radio waves are good at pen-
etrating liquids. For polarisation measuring with the device
according to the invention 1t 1s unimportant 1n this case,
whether the liquid or a surrounding pipe 1s transparent or
whether the liguid has larger particles suspended in 1t. A
rotatably mounted fan wheel or the shaft of a pump may be
equipped with the transducer according to the invention,
wherein here again the variant consisting of a monolithic
material block such as stainless steel 1s to be preferred in
order to avoid ageing and corrosion. The remaining part of
the device may be outside the liquid and may transmait the
radio waves through a plastic pipe. Alternatively a ceramic
window may be provided 11 the pipe 1s not transparent for the
radio waves.

Example 4

Measurement on Solid Shafts and Translation
Measurement

In the field of power engineering for example, there exists
the problem that the angle of rotation must be measured at
the circumierence of a very solid shaft, the circumference of
which may exceed one metre. Optical methods have so far
been useless 1n this case, and magnetic sensors can only be
used with a considerable amount of effort and even then can
usually supply only incremental information. One problem
when mounting transducers on the circumiference of a very
large structure 1s thermal expansion, which varies 1n inten-
sity for different materials or which can cause the transducer
structure to become detached from the shaft (503).

The advantage of the device according to the invention

consists 1n that the transducer (500, 502, 504, 505) can be
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manufactured from different materials, which could include
the same material as that from which the shaft (503) 1s

manufactured. A metal sheet (500) placed around the shait
and fixed to 1t, which due to rolling or deep-drawing may
have acquired an anisotropic structure describing e.g. a
sinusoidal shape when rotating around the shatt, can be used
for measuring the angle of rotation for a sideways view of
the sensor unit (501) upon the shaft. In this case the rotation
of the shaft 1s converted 1nto a locally varying orientation of
the anisotropic structure on the transducer, which for a
suiliciently large shaft diameter 1s easy to implement.

A further interesting aspect of this embodiment 1s that the
periodicity of the amisotropic structure does not necessarily
have to be one period per revolution. In order to increase the
resolution and accuracy adjacent traces with differently
numbered periods per revolution may also be feasible (504).

When using an orthogonally orientated anisotropic trans-
ducer (503) 1t 1s also possible to measure a linear shift of the
shaft (503) along the axis, independently of i1ts angle of
rotation. This 1s easy to understand when looking at the
layout of the transducer (500) 1n FI1G. 5a. In the layout a shift
with respect to the sensor unit (501) 1n one spatial direction
1s without effect, whilst 1n the spatial direction orthogonal
thereto a shift causes a change 1n the measured polarisation
direction.

By combiming several anisotropic transducers (500, 502,
504, 505) in different orientations and by using several
devices for transmitting and receiving radio waves (501) the
transient angle of rotation and the axial shiit of a shaft (503 )
can be measured 1n, for example, a gearbox.

If the anmisotropic transducer (510) 1s structured in an
orthogonal manner on both sides, either a shift can be
measured 1n different spatial directions from both sides, or
the differently delayed echoes of both sides are measured on
one side of the anisotropic transducer (510) for a resolution
over time of the measured signals. This permits measuring
also of two-dimensional shifts or measuring rotation and
shift of the shaft in combination 1n case of an encased shait

(503).

Example 4

Exemplary Embodiment of a Combined
Transmitter-Receiver

The measuring problems described require only very low
transmission outputs on the one hand, whilst on the other,
the required dynamic range of the receive signals 15 com-
paratively small because the distances between the compo-
nents of the device change only very slightly. This can be
utilised for simplifying the switching components. In the
high-frequency range an LC oscillator can be combined with
a linearly-polarised dipole antenna because in order to
realise inductivity only a short line segment 1s required. To
make the oscillator oscillate requires more energy than it
consumes/emits. This can be ensured by a sufliciently strong
bias signal/a sufliciently high amplification factor. In FIG.
6a the signal of the coil/antenna (601) emitted by the
oscillator (600) 1s reflected at varying strengths by the
anisotropic transducer (602), which on the one hand causes
the amplitude of the oscillator signal to change and on the
other, following reduction of the bias current/switch-over of
the component (600) mto an amplifier, causes 1rregular
signal decay.

With a first switching variant after a certamn time of
changing over into receive mode, the decayed amplitude
(613), after amplification 1n (605), can be measured on (609)
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and processed, using e.g. the track-and-hold (606), the
analogue-digital converter (607) and the evaluation unit

(608), which are controlled by control signals (620) to (624)
from the control unit (604) and produce the final result
(612). In this case, on the one hand critical timings must be
maintained and on the other, the measured signal 1s approxi-
mately exponentially non-linear over time.

With an alternative switching variant the oscillator (600)
1s operated permanently and the signal (609) amplified by
(605) 1s compared 1 a comparator circuit (630) with a
pre-set amplitude threshold. The result 1s forwarded to the
control unit (604) for checking gain or bias of the oscillator
(600). The result 1s then indirectly available in form of a
control variable (621), since the quality of the oscillator 1s
dependent on the angle of rotation of the anisotropic trans-
ducer (602) and the required output of the oscillator (600) 1s
dependent on the quality of the transducer. This dependency
1s approximately square and therefore makes signal process-
ing easier. Moreover there 1s no need for time-critical control
of the different signals 1n this case, control can be effected
at a low band width. The output of measurements can 1n
principle take place continuously over time.

Relative measuring for determining the angle may be
cllected by comparing the control variables between difler-
ently orientated transmitter-receivers.

SHORT DESCRIPTION OF THE
SYMBOLS

REFERENC!

(L]

100 generator/oscillator

101 transmit antenna for radio waves

102 transmitted radio waves, possibly with varying polari-
sation properties

103 anisotropic transducer

104, 105 recerve antenna for differently polarised radio
waves (e.g. s- and p-pol.)

106 recerver and signal processing circuit

107, 108 differently polarised parts of the received radio
waves

109 angle between antennas, e.g. 45°

200 generator/oscillator

201 predominantly linearly polarised antenna, e.g. dipole

202 linearly polarised radio waves

203 helix antenna or other structure suitable for generating
circularly polarised waves

204 circularly polarised radio wave

205 delay platelets, produces a phase diflerence which 1s
different for different polarisation directions

206 circularly or elliptically polarised radio wave

300, 301 housing parts

302 radio-waves-absorbing material or structural component

303 anisotropic transducer (exemplary implementation from
FIG. 4)

304 shait or other component mechanically connected with
303

305 module with transmitter and receiver and possibly
turther components

306 transmit antenna

307, 308 receive antenna

309 assembly components, €.g. screws

310 transmitted radio waves

311, 312 received radio waves of varying polarisation

400 anisotropic area of the anisotropic transducer

401 radio-waves-absorbing material or structural component

402-405 asymmetrical components for extending the mea-
suring range to 360°

410 assembly device, e.g. thread bore
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420 embodiment according to the invention of transmitting
and receiving units for radio waves (transmitters, receiv-
ers, antennas, evaluation elements)

421 transmit antenna

422, 423 recelve antenna

424 transmitted radio waves

425, 426 received radio waves of varying polarisation

427 multiple retlected radio waves

430 additional sensor element for extending the measuring
range to 360°

450 symbolically indicated circle sections of different thick-
nesses/height profiles for extending the measuring range
to 360°

451 exemplary element for polarisation of radio waves: long
narrow metal web with a preferred height (between 400
and 450) 1n multiples of a quarter of the wavelength of the
radio waves

452 basic body, optionally permeable, absorbing or retflec-
tive. The exemplary lens-shaped form of the profile serves
to reduce recerved multiple retlections

460 basic body with a device for mechanical fixing, part of
452 or separate, material as 452 or different

470 spatially distributed transmit/receive units for radio
waves

471, 472 additional sensory units for extending the measur-
ing range to 360°

473 optional recess in the anisotropic transducer, for
example for fitting to a shatt

500, 505 anisotropic transducer (plate or view of a layout)
with analogue location-dependent anisotropy. Spatial ori-
entation, period lengths and other features may vary

501 embodiment according to the invention of transmit and
receive units for radio waves (transmitters, receivers,
antennas, evaluation elements)

502 anisotropic transducer (plate or view of a layout) with
digital location-dependent anisotropy

503 shait or other workpiece with a degree of freedom
regarding rotation and/or shaft

504 anisotropic transducer (plate or view of a layout) with
spatially higher-frequency anisotropy (higher than 500,
505)

510 anisotropic transducer (plate or view of a layout) with
location-dependent anisotropy in at least two different
planes preferably spaced apart by at least a quarter wave-
length of the radio waves

511, 512 amsotropic structure components 1n different
planes of an anisotropic transducer

513 transmuitter for radio waves

514 antenna for transmitted radio waves

515, 516 antenna for diflerently polarised radio waves

517 amplifier and evaluation elements

518, 519 differently polarised parts of transmitted or back-
scattered radio waves

520 indication of the rotary axis

521 indication of a shift along the axis

522 indication of the shift in two planes with consistent
distance to the receivers 517

523 indication of a shift by changing the distance to the
receivers 317 (classical radar distance measurement)

530 transmitted radio waves

600 configurable transmit/receive circuit, €.g. super-regen-
erative receiver

601 combined transmit and receive antenna

602 anisotropic transducer

603 transmitted/received radio waves

604 control unit

605 amplifier
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606 track & hold, filter

607 analogue-digital converter

608 evaluation unit

609 re-amplified signal

610 filtered and/or bullered signal

611 digitised signal

612 output signal (e.g. angle in degrees)

613 observed signal on the configurable transmit/receive
circuit

620, 621 control signals (residual vibration suppression
pulse, amplification control signal)

622-624 control signal (activate T&H, activate ADC, acti-
vate evaluation unit)

625 curve of a measurement with strong echo

626 curve ol a measurement with weak echo

630 comparator circuit

631 feedback signal

650 starting time ol measuring

651 time of sampling the measured signal on 609

652 time of providing the measuring results 612

The mvention claimed 1s:

1. A system for measuring an angle of rotation or a rotary
speed comprising:

at least one transmitter of radio waves,

at least two receirvers for radio waves, and

a transducer which 1s amisotropic for the radio waves

coming from the transmitter,

wherein the anisotropic transducer i1s configured to be

rotatable 1n relation to the recervers about a rotary axis,

wherein the receivers are polarisation-sensitive,
wherein the anisotropic transducer 1s permeable for the
radio waves or reflects the radio waves transmitted by
the transmitter to different degrees for diflerent polari-
sations such that the radio waves coming from the
transmitter are changed by the anisotropic transducer
and the changed radio waves are received by the
polarisation-sensitive receivers, and

wherein an evaluation circuit 1s provided, which 1s con-

figured to provide a signal evaluation based on relative
amplitudes of the signals of the polarisation-sensitive
receivers, thereby giving an indication as to the polari-
sation of the recerved radio waves.

2. The system according to claim 1, wherein the trans-
mitter 1s configured such that the radio waves coming from
the transmitter are linearly polarised.

3. The system according to claim 1, wherein the trans-
mitter 1s configured such that the radio waves coming from
the transmitter are unpolarised or circularly polarised aver-
aged over time.

4. The system according to claim 1, wherein the aniso-
tropic transducer 1s permeable to varying degrees for the
radio waves transmitted by the transmitter for different
polarisations, and wherein the polarisation-sensitive receiv-
ers are configured such that they can receive the radio waves
let through by the anisotropic transducer.

5. The system according to claim 1, wherein the aniso-
tropic transducer 1s configured such that 1t reflects the radio
waves transmitted by the transmitter for diflerent polarisa-
tions to varying degrees, and the polarisation-sensitive
receivers are configured such that they can recerve the radio
waves reflected from the anisotropic transducer.

6. The system according to claim 1, wherein the aniso-
tropic transducer 1s structurally separate from the rest of the
device.

7. The system according to claim 1, wherein transmitters

and receivers of radio waves are integrated.
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8. The system according to claim 1, wherein transmitters
and receivers, together with means for activating an actuator
and for comparing the polarization of the received radio
waves, are arranged so as to interact with a set value.

9. The system according to claim 1, wherein:

the anisotropic transducer comprises a structural asym-

metry,

the receivers of radio waves are suitable for measuring the

structural asymmetry, and

wherein the structural asymmetry 1s configured such that

the angle of rotation of the anisotropic transducer can
be unequivocally measured 1n a 360° interval based on
the combination of all measured signals of the device.

10. The system according to claim 1, wherein:

the anisotropic transducer comprises a structural asym-

metry,

at least one further sensory component for measuring the

structural asymmetry exists, and

wherein the structural asymmetry 1s configured such that

the angle of rotation of the anisotropic transducer can

be unequivocally measured 1n a 360° interval based on

the combination of all measured signals of the device.

11. The system according to claim 1, wherein the aniso-

tropic transducer i1s shaped in such a way that multiple
reflections on the receivers are attenuated.
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12. A system for measuring an angle of rotation or a rotary
speed with a configurable transmitter-receiver for polarised
radio waves, comprising:

an antenna for polarised radio waves,

a transmit amplifier,

a receive amplifier, and

a transducer being anisotropic for the transmitted radio

waves,

wherein the anisotropic transducer 1s configured to be

rotatable about a rotary axis 1n relation to the transmiut-

ter-receiver,

wherein transmit and receive amplifiers have shared
switching components,

wherein the anisotropic transducer 1s permeable for the
radio waves or reflects the radio waves transmitted by
the transmitter to different degrees for diflerent polari-
sations such that the radio waves transmitted from the
transmitter-receiver are changed by the anisotropic
transducer and the changed radio waves are received by
the same antenna,

wherein an evaluation circuit 1s provided, which 1s con-
figured to provide a signal evaluation based on relative
amplitudes of the signals of the polarisation-sensitive
receivers, thereby giving an indication as to the polari-
sation of the received radio waves.

G ex x = e



	Front Page
	Drawings
	Specification
	Claims

